Introduction
============

Tuberculosis (TB) is a deadly and persistent respiratory infection that is considered to be one of the main provocations in the public health.[@b1-ijn-11-2209] According to the World Health Organization reports, TB together with the acquired immunodeficiency syndrome and malaria are the most fatal diseases worldwide; therefore, better management must be assessed.[@b1-ijn-11-2209] The current TB therapy possesses many obstacles as the oral drug administration requires a prolonged time over 6--9 months resulting in a poor patient compliance.[@b2-ijn-11-2209] For decades, TB is treated by first-line anti-TB drugs regimen, which include isoniazid, rifampicin (RIF), pyrazinamide, and ethambutol.[@b2-ijn-11-2209] In some cases, multidrug-resistant TB has been determined as a consequence of bacterial resistance to one or more anti-TB first-line drugs. Treatment of such cases is much more difficult; the therapy is based on second-line agents that include amino glycoside antibiotics, cycloserine, ethionamide, and fluoroquinolones.[@b1-ijn-11-2209],[@b2-ijn-11-2209] Conversely, these agents are more toxic, more expensive, and less effective than the standard first-line therapy. Moreover, the second-line therapy requires a long duration up to 9 months or 1 year to be sure of a complete cure in such cases.[@b3-ijn-11-2209]

Despite being the most effective antitubercular drug, challenges of RIF bioavailability still exist. One of these challenges is that its therapeutic activity is based on its concentration at the target site.[@b4-ijn-11-2209] Since RIF is a Biopharmaceutics Classification System class II member possessing low aqueous solubility and high permeability, its dissolution rate and hence bioavailability are limited.[@b5-ijn-11-2209] However, a recent report revealed the low permeability of RIF through the intestinal cell, proposing a new classification for the drug to class IV.[@b6-ijn-11-2209] In addition, oral administration of RIF causes undesirable side effects, including nausea, flu-like syndrome associated with acute renal failure, hepatotoxicity, and agranulocytosis.[@b7-ijn-11-2209] To circumvent RIF drawbacks, various investigations have been reported for solubilizing, delivering high concentration of the drug directly, and sustainably at the site of infection.[@b8-ijn-11-2209],[@b9-ijn-11-2209] Other attempts were carried out to increase the RIF solubility involving the complexation with different cyclodextrin derivatives and altering its crystal structure and particle morphology by a mean of a polymorphic transformation into a flake-like crystal hydrate.[@b10-ijn-11-2209],[@b11-ijn-11-2209]

Over recent years, nanosuspension (NS) technology received a great interest in overcoming the obstacles of poorly soluble drugs. NSs are colloidal dispersions of the pure drug in an outer liquid phase with particle size ranging between 100 and 1,000 nm.[@b12-ijn-11-2209] Several merits were accompanied with this nanodispersion, namely, improved saturation solubility, accelerated dissolution rate, and increased stability of some drugs. Moreover, the large surface area as a result of particle size reduction enhances the solubility as well as the bioavailability of poorly soluble drugs as described by the Ostwald--Freundlich equation.[@b13-ijn-11-2209] Currently, NSs have been widely reported as a drug delivery system for different routes of administration, such as parenteral delivery of p-terphenyl derivative,[@b14-ijn-11-2209] oral delivery of diosmin,[@b15-ijn-11-2209] ocular delivery of amphotericin,[@b16-ijn-11-2209] and intranasal delivery of carvedilol.[@b17-ijn-11-2209]

Generally, there are two main approaches for preparing NSs; top down and bottom up technology.[@b12-ijn-11-2209] The bottom up technology involves building particles up from the molecular state as in the antisolvent precipitation process.[@b18-ijn-11-2209] This technology is a popular approach used for its simplicity and low setup cost.[@b18-ijn-11-2209] It has been widely reported in many studies for preparing different drug nanocarriers as nitrendipine,[@b19-ijn-11-2209] quercetin,[@b20-ijn-11-2209] amoitone B,[@b21-ijn-11-2209] and camptothecin.[@b22-ijn-11-2209]

Realizing the obstacles of RIF, the impact of NS on enhancing its water solubility as well as dissolution characteristics will be a field of interest. Accordingly, the aim of the current work is to fabricate a novel RIF NS utilizing the simple antisolvent precipitation method in the presence of different stabilizers. The influence of several preparative variables has been investigated in order to control and optimize the process. In vitro characterization of RIF NS was assessed by dynamic light scattering, transmission electron microscopy (TEM), solubility, and dissolution testing. The interaction between RIF and polymers in the NS was investigated using Fourier transform infrared spectroscopy and differential scanning calorimetry (DSC) techniques. Furthermore, NS physical stability and in vitro cytotoxicity were evaluated in comparison to free RIF.

Materials and methods
=====================

Materials
---------

Ethical approval was not sought from the IRB of Alexandria University because the study involves no human or animal. According to our regulations, no IRB is required for cell line studies. RIF was obtained as a gift sample from Medical Union Pharmaceuticals Company, Alexandria, Egypt. Poloxamer 188 and 407 were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Soya phosphatidyl choline (SPC75) was provided by Lipoid Company, Ludwigshafen, Germany. Hydroxy propyl methylcellulose (HPMC), viscosity of 15 and 4,000 cp, was a kind gift from Borg Pharmaceutical Ind., Alexandria, Egypt. Tween 80, polyvinyl alcohol (PVA, molecular weight \[MW\] 194) and sodium lauryl sulfate (SLS) were purchased from Adwic, El-Nasr Pharmaceutical Co., Alexandria, Egypt. Polyvinylpyrrolidone k30 (PVP) was received as a gift from Medizen Pharmaceutical Industries, Alexandria, Egypt. All organic solvents (methanol, ethanol, and isopropyl alcohol) and propylene glycol were of analytical grade and purchased from El-Nasr Pharmaceutical Co.

Selection of RIF organic solvent
--------------------------------

RIF solubility in various organic solvents was determined in order to select the appropriate solvent to be used during NS preparation. Saturation solubility in each solvent was experimentally established following Higuchi and Connors method.[@b23-ijn-11-2209] Excess amount of free RIF were added to 5 mL of different solvents in capped amber glass vials. These vials were tightly closed and shaken for 24 hours at 37±0.5°C in a thermostatically controlled water bath (GFL, type 1083, GFL Gesellschaft für Labortechnik mbH, Burgwedel, Germany). The dispersions were left for equilibrium for another 24 hours then filtered through 0.45 μm membrane filter. RIF concentration was determined spectrophotometry at λ~max~ 479 nm using a UV-spectrophotometer (PG Instruments Ltd., Leicestershire, UK). The solvents studied were water, phosphate-buffered saline (PBS pH 7.4), methanol, ethanol, isopropyl alcohol, and propylene glycol. None of these solvents interfered with drug assay at the wavelength used. The experiments were performed in triplicate.

Preparation of RIF NS
---------------------

RIF NS was prepared through the antisolvent nanoprecipitation technique previously reported by Zhang et al.[@b22-ijn-11-2209] In brief, RIF saturated organic solution was added to deionized water, as the nonsolvent phase, containing a suitable stabilizer at a ratio of 1:10. During the addition of the solvent phase, the aqueous phase was rapidly stirred at room temperature (25±0.5°C) for 30 minutes.

Screening of the process variables of nanoprecipitation technique
-----------------------------------------------------------------

In our preliminary studies, the process variables, for example, the type of solvent, stabilizer, stirrer type, and solvent flow rate of the nanoprecipitation technique, were investigated. The determining factors for optimization were the NS particle size along with its polydispersity index (PdI).

Selection of stabilizer type
----------------------------

The ability of different stabilizers to produce and stabilize RIF NS was utilized as a screening parameter to select the most suitable stabilizer. RIF NS was prepared using methanol as an organic solvent. Two classes of stabilizers were evaluated, namely, surfactants and polymeric stabilizers. The surfactants used were 0.5% w/v Poloxamer^®^188 and 407, Tween^®^80, SLS,[@b24-ijn-11-2209],[@b25-ijn-11-2209] and 1% w/v lecithin[@b26-ijn-11-2209] while 0.5% w/v HPMC 15 cp,[@b27-ijn-11-2209] 0.2% w/v of HPMC 4,000 cp,[@b28-ijn-11-2209] PVA,[@b19-ijn-11-2209] and 0.4% w/v polyvinly pyrrolidone[@b29-ijn-11-2209] were the polymers chosen ([Table 1](#t1-ijn-11-2209){ref-type="table"}).

Selection of the stirrer type
-----------------------------

In order to study the effect of various stirring methods on RIF NS particle size, 0.2% w/v PVA as a stabilizer and methanolic solution were used to prepare RIF NS. Four stirring methods, specifically, magnetic stirring (RH basic IKA Labortechnik, Staufen, Germany), homogenization with rotor and stator homogenizer (T25 digital ULTRA-TURRAX^®^, Staufen, Germany), mechanical stirring with an overhead stirrer with a blade of 5 cm length (RW 47 digital, IKA, Staufen, Germany), and ultrasound waves from a sonicator bath (Julabo Sonicator, model USR-3, Seelbach, Germany), were evaluated. NSs were stirred at room temperature (25±0.5°C) for 30 minutes.

Selection of the solvent flow rate
----------------------------------

RIF NS was prepared utilizing a sonicator bath for 30 minutes where RIF methanolic solution was added to the antisolvent aqueous solution containing 0.2% w/v PVA at three different flow rates ([Table 2](#t2-ijn-11-2209){ref-type="table"}). The whole organic RIF solution was poured at once, the organic RIF solution was added at a flow rate of 2 mL/min into the antisolvent solution, or both solvent and antisolvent solutions were simultaneously injected using syringes at the rate of 0.5 mL/min.

Optimization of formulation parameters of RIF NS
------------------------------------------------

With the intention of studying and optimizing some formulation parameters, specifically, RIF methanolic solvent:antisolvent volume ratio (S:AS), concentration of PVA, and sonication time, eight RIF NS formulae were prepared by antisolvent nanoprecipitation method ([Table 3](#t3-ijn-11-2209){ref-type="table"}). The effect of each parameter on the NS characteristics was independently studied. The RIF methanolic S:AS ratio was varied between 1:5--1:15, PVA concentration was either 0.1%, 0.2%, 0.4%, or 0.6% w/v, and sonication time was 5, 15, and 30 minutes.

Physicochemical characterization of RIF NS
------------------------------------------

### Morphological study of the NS

Particle morphological characteristics of the RIF NS (F~5~) was observed using TEM (JEM-100 CX, JEOL, Tokyo, Japan) at 80 kV. One drop of the NS was placed on a copper-coated grid leaving a thin film. Prior to TEM examination, the grid was left to dry at room temperature.

### Particle size and size distribution analysis

The z-average diameter and size distribution in terms of PdI of the freshly prepared RIF NS were measured using a dynamic light scattering technique of a NanoZS/ZEN3600 Zetasizer (Malvern Instruments Ltd., Malvern, UK) equipped with Malvern PCS software (version 6.2). Each measurement was carried out in triplicate.

### ZP measurements

The NS was evaluated by zeta potential (ZP) measurements using Malvern Zetasizer (Malvern Instruments Ltd.). Each sample was analyzed after 10-fold dilution with deionized water. Each diluted sample was added to the capillary cell equipped with platinum electrodes. The electrophoretic mobility of the particles was measured and converted into ZP value using the Dispersion Technology Software built into the Malvern zetasizer (version 6.2).

### Solubility determination

Improvement of RIF saturated solubility is one of the essential merits of NS compared to other traditional formulations. Excess amount of free RIF, RIF NS (F~5~), and the physical mixture of RIF and PVA was added to amber glass vials containing 5 mL of deionized water. The vials were shaken in a thermostatically controlled water bath (GFL, type 1083, GFL Gesellschaft für Labortechnik mbH, Burgwedel, Germany) at 37±0.5°C at 100 rpm. After equilibrium achievement (24 hours), the collected samples were centrifuged at 12,000 rpm for 1 hour at 4°C (Sigma Laboratory Refrigerated Centrifuge, Model 3K-30, Osterode am Harz, Germany). Then the supernatant was removed and filtrated through a 0.22 μm syringe filter. The drug content in the samples was assayed using UV-spectrophotometer (PG Instruments Ltd.) at the predetermined λ~max~.

In vitro dissolution studies
----------------------------

In vitro dissolution behavior of RIF from the NS was assessed using the USP XXIV dissolution apparatus II, Type PTWS3 (Pharma Test, Hainburg, Germany). The RIF NS (equivalent to 50 mg drug) was sprinkled on the surface of 300 mL PBS (pH 7.4) as the dissolution medium.[@b15-ijn-11-2209] The bath temperature and paddle stirring rate were set at 37±0.5°C and 100 rpm, respectively. At predetermined time intervals, 5 mL of the dissolution medium was withdrawn and compensated by an equal volume of fresh warm dissolution medium. Each sample was filtered through a 0.22 μm syringe filter and analyzed for its RIF content spectrophotometrically at λ~max~ 474 nm. All runs were performed in triplicate.

RIF--polymer compatibility studies
----------------------------------

In order to assess the physical state of RIF and detect any possible interaction between the NS components, the following characterizations were investigated.

Differential scanning calorimetry
---------------------------------

Thermograms of free RIF, PVA, their physical mixture, and the RIF NS (F~5~) were recorded using DSC 6 differential scanning calorimeter (PerkinElmer Inc., Waltham, MA USA). A sample of 5 mg was weighed into a standard aluminum pan and heated at a rate of 10°C/min over a temperature range of 25°C--300°C. The instrument was calibrated with indium and dry nitrogen was used as a carrier gas with a flow rate of 40 mL/min. The main transition temperature was recorded and the enthalpy values were automatically calculated.

Fourier transform infrared spectroscopy
---------------------------------------

Fourier transform infrared spectroscopy spectra of free RIF, PVA, their physical mixture, and the RIF NS (F~5~) were obtained using PerkinElmer Fourier transform infrared spectroscopy (PerkinElmer Inc., Waltham, MA USA). Each sample was mixed with dry infrared (IR) grade of crystalline potassium bromide then compressed at 10 tons in a hydraulic press to form a thin disk. Each sample was scanned within the spectral region of 4,000 and 400 cm^−1^ with a resolution of 4 cm^−1^.

Physical stability of NS
------------------------

A short-term storage was performed to assess the physical stability of the RIF NS (F~5~). RIF NS was stored in capped amber glass vials at two different temperatures (4°C and 25°C representing the refrigerator and room temperature, respectively) for a period of 3 months. The particle size, PdI, and ZP of the samples were monitored on the day of preparation and followed on each month.

In vitro cytotoxicity study
---------------------------

To ensure the safety of the drug delivery system, cytotoxicity of the RIF NS (F~5~) as well as free RIF was assessed using the 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on lung epithelial cells. The human alveolar basal epithelial cells (A549 cells) were cultured in F-12 Ham supplemented with 10% fetal bovine serum, 1% glutamine, and 100 μg/mL penicillin/streptomycin antibiotics. The cells were maintained in a humidified air atmosphere (37°C, 95% humidity, and 5% CO~2~) as previously reported.[@b30-ijn-11-2209]

The A549 cells were seeded into a 96-well plate at a density of 1×10^4^ cells/well for 24 hours. Then, the cells were treated for another 24 hours with various concentrations of the free drug or the selected RIF NS. The cell viability after treatment was examined by the MTT assay. Briefly, MTT labeling reagent (0.5 mg/mL) was added to each well and incubated at 37°C for further 4 hours. Subsequently, the formed formazan crystals were quantified by spectrophotometry at 570 nm with a microplate reader (Synergy 4, ReaderBioTek Instruments, Bernareggio, Italy). The percentage of cell viability related to control cells incubated with culture medium only was determined by the following equation: $$\%\ \text{cell~viability} = \frac{A_{(\text{test})}}{A_{(\text{control})}} \times 100$$where A~(test)~ is the absorbance obtained from the test sample and A~(control)~ is the absorbance obtained from untreated cells. The MTT assay for each concentration was performed in triplicate.

Results and discussion
======================

Process variables of the nanoprecipitation technique
----------------------------------------------------

### Selection of RIF solvent

Screening of RIF solvent is crucial for the development of nanocrystals. During the nanoprecipitation process, the solvent that achieves the highest RIF solubility, will resulted in a higher drug concentration which leads to greater degree of supersaturation creating a high nucleation rate thereby forming smaller crystals.[@b31-ijn-11-2209] In the current work, six different solvents, namely, water, PBS pH 7.4, propylene glycol, iso-propanol, ethanol, and methanol, were compared according to their power to solubilize RIF. The highest solubilization capacity was attained with methanol (27±4.0415 mg/mL), followed by ethanol (18.8±3.0115 mg/mL). Otherwise, water and PBS pH 7.4 showed the lowest solubilizing power (0.106±0.0283 and 1.87±0.3404 mg/mL, respectively) as illustrated in [Figure 1](#f1-ijn-11-2209){ref-type="fig"}.

Methanol exhibited a greater capacity for dissolving both polar and nonpolar compounds with less toxicity and being easily removed as it is volatile, preventing instability of nanocrystal formulations. Several reports showed that Ostwald ripening and particle growth were the consequences of residual organic solvents.[@b32-ijn-11-2209],[@b33-ijn-11-2209] Therefore, methanol was chosen as a RIF suitable solvent for NS preparation.

### Selection of the stabilizer

During the formulation of NS, the stabilizer presence is an essential component whatever the technique followed. The stabilizer should interact with the drug particle surface efficiently and prevent Ostwald's ripening and agglomeration of the NS particles with the aim of forming a physically stable NS formulation by providing either steric or ionic barriers.[@b34-ijn-11-2209] The most popular stabilizers used are surfactants, either ionic (SLS) or nonionic (poloxamer 188, poloxamer 407, and Tween 80). Moreover, lecithin and cholic acid derivatives as naturally occurring surfactants are frequently applied. Examples of polymeric stabilizers used are HPMC, acacia gum, hydroxy propylcellulose, PVA, and polyvinyl pyrrolidone. Electrostatic stabilization is a mechanism in which ionic surfactants are attributed to stabilize drug nanocrystals. In contrast, nonionic surfactants and polymers have been reported to facilitate the stability of NS via steric mechanism which depends on both the length and MW of steric stabilizer used.[@b34-ijn-11-2209] Nevertheless, recent research dealing with stability of NS has proved that the stabilization extent produced by polymers is different from that produced by surfactants. Polymeric stabilizers are adsorbed on the particle forming a thick layer with full surface coverage thus preventing or slowing drug molecule attachments to the dispersed particle. This adsorption may reduce the formation of large crystals from smaller ones (Ostwald's ripening).[@b35-ijn-11-2209] Additionally, it was found that the adsorbed polymer did not affect the crystal structure of the drug particles, in contrast to small MW surfactants.[@b15-ijn-11-2209]

Different polymeric and surfactant stabilizers were evaluated during this study, namely, SLS, soybean lecithin, poloxamers, Tween 80, HPMC, PVP K30, and PVA.

Besides the type of the stabilizer, its concentration plays an important role in the stabilization process. The amount of stabilizing agent should be sufficient to obtain a full coverage barrier surrounding the surface of nanocrystals. In the current work, the concentration of various stabilizers was selected according to their optimum reported concentrations in the literature.

One of the most significant characteristics for successful stabilizer use during NS formation is the development of a small particle size of the drug crystals.[@b16-ijn-11-2209] The particle size and PdI of prepared RIF NS are considered to be crucial factors in determining the rate and extent of drug release, as well as the stability of the system. PdI is an indication of size distribution of the NS population and should be in the range of 0--0.2 to ensure the uniformity and homogeneity of drug delivery system.[@b36-ijn-11-2209] It was found that the particle size of NS prepared without the addition of any stabilizer was 6 μm as a consequence of particle aggregation. Conversely, as shown in [Table 1](#t1-ijn-11-2209){ref-type="table"}, the studied stabilizers at their optimum concentrations were able to achieve nano-sized particles. The most effective particle size reduction was observed with the formulation containing 0.2% w/v PVA (262.4 nm) while the largest NS particle size together with the widest distribution (PdI, 0.7035) resulted upon the utilization of Tween 80 as a stabilizer (842 nm). This may be due to its small MW (1,310 g/mol) which reflected on the formation of a thin adsorption layer around the RIF crystals that was not sufficient to stabilize the system leading to crystal aggregation and excessive large particle formation.[@b37-ijn-11-2209] On the contrary, it was noticed that lecithin and SLS were able to form NS with a nonsignificant difference in particle size (\~414 nm), as both surfactants prevented particle agglomeration via electrostatic repulsion. Morakul et al[@b38-ijn-11-2209] reported that SLS stabilized clarithromycin NS and reduced its particle size to 851 nm in comparison to other surfactants. Moreover, Gao et al[@b26-ijn-11-2209] achieved the formation of curcumin NS with the smallest particle size (250 nm) using lecithin as a stabilizer. However, both SLS and lecithin cannot be used solely to form homogeneous RIF NS as their PdI was large (0.596±0.006 and 0.627±0.021, respectively), which indicated a broad indicates size distribution ([Table 1](#t1-ijn-11-2209){ref-type="table"}).

Poloxamers inhibit crystal growth chiefly through the hydrophobic interaction of polypropylene oxide group in its polymeric structure. Comparing their two grades, Poloxamer 407 produced smaller nanocrystals in contrast to Poloxamer 188. This variation can be linked to their difference in MW. The higher MW of Poloxamer 407 (MW 14,600 g/mol) increased its ability to cover RIF particle surfaces more than that of Poloxamer 188 (MW 7,680 g/mol). These results were in accordance to those reported by Ghosh et al.[@b39-ijn-11-2209]

From [Table 1](#t1-ijn-11-2209){ref-type="table"}, HPMC (4,000 cp) of higher viscosity resulted in the formation of smaller particles (473.5±2.192 nm) but with a larger particle distribution index (0.610±0.079) compared to that of the lower viscosity. HPMC polymers are able to induce steric stabilization of the NS through their absorption on the drug particle surface via their hydrophilic and hydrophobic components, namely, hydroxy propyl and methoxyl groups, respectively.[@b27-ijn-11-2209] A small NS particle size was obtained in the presence of 0.4% w/v PVP K30 (310.0±6.081 nm) that indicates its ability to shield particle surface more efficiently than other cellulosic derivatives ([Table 1](#t1-ijn-11-2209){ref-type="table"}). The observed results were contrary to that mentioned by Verma et al[@b40-ijn-11-2209] who related the steric hindrance capability to the geometrical differences between HPMC and polyvinyl pyrrolidone without considering the viscosity influence. Moreover, surface energy of both the drug and stabilizer measured by contact angle measurement plays an important role in the selection of a suitable and efficient NS stabilizer as reported by Choi et al.[@b41-ijn-11-2209] Hence, the formulation containing 0.2% w/v PVA was thereby used for further investigations having the smallest particle size (262.4±2.475 nm) with the lowest PdI (0.326±0.009).

### Selection of the stirring method

During antisolvent precipitation process, the solvent and antisolvent mixing is essential to control the particle size and distribution pattern of the precipitated drug crystals.[@b18-ijn-11-2209] Homogeneous mixing influences the degree of supersaturation, which impacts the nucleation and particle growth rate. The stirring device is one of the factors that affects mixing efficiency.[@b32-ijn-11-2209] For this purpose, various mixing/stirring devices (namely, magnetic stirrer, rotor stator homogenizer, over-head stirrer, and sonicator bath) were compared depending on both the particle size and PdI of the RIF NS. As shown in [Table 2](#t2-ijn-11-2209){ref-type="table"}, the four mixing devices achieved a particle size within a range of 173--353 nm with PdI ranging from 0.215 to 0.456.

Sonication proved to produce the lowest nanosized particles (173 nm) with a narrow size distribution (0.21), in contrast to the other stirrers. [Figure 2](#f2-ijn-11-2209){ref-type="fig"} exhibited a unimodal size distribution of the nanocrystal bearing RIF prepared using the sonicator bath as the mixing device. Therefore, the formulation containing 0.2% w/v PVA as a stabilizer prepared with sonication--antisolvent nanoprecipitation method was further investigated. Ultrasound waves have been shown to be capable of producing a higher degree of supersaturation resulting in a higher nucleation rate and smaller precipitated particles sizes. Moreover, Luque de castro and Priego-Capote[@b42-ijn-11-2209] reported that these waves have the ability to create cavitation and acoustic streaming in the solution, thereby reducing the crystal's induction time, increasing the nucleation rate, and suppressing the metastable zone width. This cavitation also generates shock waves which preclude the bonding and contact between the crystals and, hence, prevent their agglomeration and reduce their size.

Zhang et al[@b22-ijn-11-2209] prepared successfully camptothecin nanocrystals with a sonication--precipitation method. The prepared nanocrystals show rod- or needle-like shape with a uniform particle size (200--700 nm) and were stable for 6 months at low temperature. In another study conducted by Xia et al,[@b19-ijn-11-2209] the hydrodynamic diameter of flaked-shaped nitrendipine NS prepared by ultrasonication--precipitation method was 209 nm with a ZP of −14 mV.

### Screening study on the effect of solvent flow rate on NS properties

It was reported that the rate of nucleation and crystal growth depend mainly on the solvent flow rate.[@b18-ijn-11-2209] Under these consequences, three different flow rates of RIF methanolic solutions were investigated. From the results computed in [Table 2](#t2-ijn-11-2209){ref-type="table"}, it could be inferred that increasing of the flow rate was inversely proportional to both the particle size and PdI. The NS size was decreased from 327 to 173 nm and the PdI was shifted from 0.502 to 0.21 by adding on spot the methanolic solution into antisolvent solution. At a high flow rate, both solvent and antisolvent solutions were mixed rapidly together, increasing their mixing extent per unit time and producing a rapid supersaturation and nucleation, thus resulting in the formation of smaller crystals.[@b43-ijn-11-2209] A similar finding was proved by Kakran et al,[@b20-ijn-11-2209] where the particle size of quercetin nanoparticles was decreased from 255 to 170 nm as the solvent flow rate was increased from 2 to 8 mL/min.

Therefore, after these preliminary studies, RIF NS was prepared by pouring at once RIF methanolic saturated solution to an aqueous solution containing 0.2% w/v PVA as a stabilizer at a ratio 1:10 using a sonicator bath for 30 minutes at room temperature (25±0.5°C).

Optimization of formulation parameters of RIF NS
------------------------------------------------

To ensure good NS performance, several properties should be adjusted, for example, particle size, PdI, and ZP values. ZP measurements reflect the surface properties of the RIF NS which estimate the physical stability of NS being formed. In order to obtain a long-term stable NS, an absolute value of the ZP of approximately ±30 mV for electrostatically and ±20 mV for sterically stabilized systems is desired.[@b44-ijn-11-2209] These ZP values serves as an indicator for the creation of a high-energy thick diffusion barrier against the aggregation or agglomeration of dispersed particles.[@b44-ijn-11-2209] For these reasons, eight different formulations were prepared to study the influence of various formulation parameters of RIF NS, namely S:AS, stabilizer concentration and sonication time on particle size, PdI, and ZP ([Table 3](#t3-ijn-11-2209){ref-type="table"}).

Effect of S:AS ratio
--------------------

The selection S:AS ratio was reported to be a critical step in the antisolvent precipitation method.[@b18-ijn-11-2209] As illustrated in [Table 3](#t3-ijn-11-2209){ref-type="table"}, upon increasing the S:AS volume ratio from 1:5 to 1:15, the particle size of RIF NS was decreased from 210.4 to 115.7 nm, respectively. When the ratio of S:AS was increased, the degree of supersaturation was increased, resulting in a greater nucleation rate leading to the formation of smaller crystals. At low S:AS volume ratio, the presence of a higher solvent phase induces the particle growth, which would increase the particle size. Furthermore, at this low ratio, the decreased amount of antisolvent may reduce the diffusion distance between the growing species; thus, the crystal growth will be dominant resulting in increased particle size.[@b45-ijn-11-2209] Therefore, the optimum S:AS volume ratio (1:15) was chosen for further investigations since it showed the smallest particle size, least PdI, and highest negative ZP value.

Effect of the stabilizer concentration
--------------------------------------

Realizing the crucial impact of the stabilizer on NS characteristics, the influence of its concentration on formulations particle size, PdI, and ZP was estimated ([Table 3](#t3-ijn-11-2209){ref-type="table"}). Results demonstrated a significant reduction in particle size of RIF NS upon increasing PVA concentration from 0.1% w/v (F~4~, 163 nm) to 0.4% w/v (F~5~, 101 nm). However, a further increase in PVA concentration showed an increase in the particle size of RIF NS (F~6~, 204 nm). On the other hand, PdI values showed a significant increase from 0.184 to 0.659 as a result of elevation of PVA concentration. Moreover, the prepared nanocrystals were negatively charged with ZP values ranging from −14 to −26 mV.

Results inferred that the use of 0.4% w/v PVA was decisive for full surface coverage to produce a stable crystal in the nanometric range. The lowest PVA concentration (F~4~) may be insufficient for complete adsorption on the crystal whereas the use of the highest PVA concentration (F~6~) increased the solution viscosity, which hinders the diffusion toward the interface of drug solvent and antisolvent solution. PVA being a nonionic polymer inhibits the crystal growth with the creation of a thick diffusive boundary layer around the nanocrystals that provides enough steric repulsion between the particles.[@b19-ijn-11-2209] Besides, the polymer molecules may be adsorbed on the crystal faces preventing their aggregation.[@b34-ijn-11-2209] The possible mechanism of polymer adsorption on the crystal surface may be by either formation of hydrogen bonds between the drug molecules and the polymer or the incorporation of drug molecules into crystal lattice.[@b32-ijn-11-2209] Thus, 0.4% w/v PVA was chosen as an optimum stabilizer concentration for further investigation.

Effect of the ultrasonication time
----------------------------------

The influence of ultrasonication time on the performance of RIF NS (F~5~, F~7~, and F~8~) is depicted in [Table 3](#t3-ijn-11-2209){ref-type="table"}. The prolongation of sonication time from 5 to 30 minutes resulted in a corresponding decrease in particle size from 256 to 101.7 nm, respectively. A higher time of mixing between the solvent and the antisolvent solution may cause a rapid nucleation rate resulting in a reduction of particle size.[@b46-ijn-11-2209] Moreover, ZP measurements of the RIF NS showed a more negative value within the range −12.8 to −26.1 mV upon increasing the ultrasonication time, thus indicating a good colloidal stability. The ultrasonication time of 5 minutes was insufficient to produce a stable NS. Hence, the optimum ultrasonication time was 30 minutes.

Physicochemical characterization of RIF NS
------------------------------------------

### Morphological study of NS

RIF NS containing 0.4% w/v PVA as a stabilizer (F~5~) was assessed using TEM as illustrated in [Figure 3](#f3-ijn-11-2209){ref-type="fig"}. The photomicrograph of RIF NS revealed crystal-shaped particles that are uniformly distributed in the medium with a particle size of 100 nm or less. This particle size was in a good agreement with that obtained from the earlier particle size measurements ([Table 3](#t3-ijn-11-2209){ref-type="table"}). Additionally, the micrograph exhibited nonaggregated stable crystals, which indicate a good coverage of RIF nanocrystal surface and subsequently inferred system stability. These results are in accordance with those obtained from ZP measurements ([Table 3](#t3-ijn-11-2209){ref-type="table"}).

### RIF solubility determination

The saturation solubility of free RIF, in comparison with its physical mixture with PVA and the RIF NS (F~5~) in deionized water at 37±0.5°C, is shown in [Figure 4](#f4-ijn-11-2209){ref-type="fig"}. Solubility value of the physical mixture of PVA and RIF exhibited a 25-fold increase in the RIF solubility due to the solubilization power of PVA. Moreover, the solubilization of RIF as nanocrystals showed a 50-fold greater than that of its powder and 25-fold greater than the corresponding physical mixture. According to the above results, the NS formulations markedly improved the RIF apparent water solubility reaching to 472 mg%. This significant enhancement in the drug solubility could be mainly ascribed to the progressive size reduction of the drug particle size with a corresponding increase in surface curvature and area. The result could be contended with the Ostwald--Freundlich equation, which revealed that the improvement of drug solubility depends on its particle size.[@b13-ijn-11-2209] Hao et al[@b21-ijn-11-2209] reported that Amoitone B nanocrystals showed a three- and 15-fold increase in drug solubility in comparison to its physical mixture with Pluronic F68 and powder, respectively, due to the difference in particle size. As implied in [Table 3](#t3-ijn-11-2209){ref-type="table"}, the particle size of the RIF nanocrystals (F~5~) (101.7 nm) was smaller than that of Amoitone B nanocrystals (256.3 nm). Thus, the improvement in drug solubility is clearly associated with reduction in drug particle size.

### In vitro dissolution studies

One of remarkable properties of NS is the augmentation of drug saturation solubility and subsequently the increase in its dissolution rate. Hence, the in vitro release patterns of free RIF compared to that from different NSs prepared with variable drug/stabilizer ratios (F~3~--F~5~) in PBS (pH 7.4) are depicted in [Figure 5](#f5-ijn-11-2209){ref-type="fig"}. The patterns exhibited a notable improvement in RIF dissolution from different NSs in contrast to the powdered drug. As illustrated in [Figure 5](#f5-ijn-11-2209){ref-type="fig"}, dissolution profiles of different RIF NS formulations (F~3~--F~5~) showed a significant difference within the first 5 minutes. The results revealed that after 5 minutes, 70%, 85%, and 93% of RIF was released from F~4~ (0.1% PVA), F~3~ (0.2% PVA), and F~5~ (0.4% PVA), respectively. Such a difference in drug release profile could be mainly implied due to variations in particle size as shown in [Table 3](#t3-ijn-11-2209){ref-type="table"}. Moreover, it was found that 79%, 90%, and 97% of RIF was released from F~4~, F~3~, and F~5~, respectively, within 10 minutes whereas 37% was only released from free RIF. Following Noyes--Whitney equation, further significant dissolution rate enhancement of different NS could be attributed to particle size reduction with corresponding increase in surface area and improvement in saturated solubility.[@b47-ijn-11-2209] Furthermore, the nanometric size of drug particles may decrease the thickness of the diffusion layer between the surface of particle and bulk solution leading to an increase in the dissolution velocity, which could be explained by the Prandtl equation.[@b21-ijn-11-2209] This was in a good agreement with the previous results that confirm the choice of RIF NS (F~5~) containing 0.4% w/v PVA as an optimum NS formulation for further characterization.

In comparison to the study of Son and McConville,[@b10-ijn-11-2209] where RIF dissolution rate was enhanced by polymorphic transformation into its dihydrated form and its release profile was 74% within the first hour, the prepared RIF NS formulations showed a promising in-vitro dissolution enhancement.

RIF--polymer compatibility studies
----------------------------------

### Differential scanning calorimetry

DSC analysis has been carried out to investigate any physical change in the crystalline state and thermal behavior of RIF upon the nanosizing process. The crystallinity state assessment will predict the physicochemical properties of the NS system as saturation solubility, dissolution, and physical stability. DSC thermograms of free RIF, PVA, their physical mixture, and the RIF NS (F~5~) are illustrated in [Figure 6](#f6-ijn-11-2209){ref-type="fig"}. RIF has been postulated to exist in two different polymorphic states, Form I and Form II, which differ in their amorphous content. Agrawal et al[@b48-ijn-11-2209] found that Form I is more thermodynamically stable than Form II. As shown in [Figure 6](#f6-ijn-11-2209){ref-type="fig"}, the unprocessed RIF decomposes directly with a sharp exothermic peak at 263°C corresponding to the peak pattern of Form I. The DSC graph of PVA exhibited a broad endothermic peak at 172°C--199°C indicating its melting point.

DSC characteristic peaks of both free RIF and PVA were revealed in the thermogram of their physical mixture. The thermogram of the RIF NS revealed two endothermic and one exothermic peaks. The first endothermic peak at (37°C--85°C) corresponds to the evaporation of physically absorbed water as reported by Son and McConville[@b11-ijn-11-2209] whereas the second one indicates the melting point of PVA. For RIF NS (F~5~), RIF exothermic peak was broadened and shifted to a lower temperature of 240°C compared to that of free RIF. This phenomenon can be probably attributed to the partial transformation of the crystalline state to the amorphous form of RIF. Similarly, this finding was reported in another study where the peak of myricetin was shifted to a lower temperature when it was formulated as an NS.[@b49-ijn-11-2209] Moreover, both RIF-PVA physical mixture (ΔH =69.6 J/g) and RIF NS (ΔH =12.8 J/g) showed a decline in the enthalpy value of RIF in contrast to that of free RIF (ΔH =104.7 J/g). This decline can be explained by the formation of less ordered crystals that release a lesser amount of energy than those of the crystalline ones.[@b50-ijn-11-2209]

### Fourier transform infrared spectroscopy

For further detection of any possible interaction between RIF and the stabilizer molecules in the solid state, IR spectra of RIF, PVA, their physical mixture, and the RIF NS (F~5~) are illustrated in [Figure 7](#f7-ijn-11-2209){ref-type="fig"}. RIF showed absorption bands at 3,482, 2,878, 1,726, 1,643, and 1,566 cm^−1^ attributable to hydroxyl, N-methyl, acetyl carbonyl, furanone carbonyl, and amide carbonyl groups, respectively. IR spectrum of RIF was corresponding to that of Form I as proved previously by DSC results, in which RIF Form I exhibited a characteristic single peak at 1,726 cm^−1^ in addition to a sharp absorption band at 3,482 cm^−1^.

The stabilizer PVA molecules exhibited a large absorption band between 3,550 and 3,200 cm^−1^ due to stretching the hydroxyl group from the intermolecular and intermolecular hydrogen bonds. Vibrational band stands for stretching C-H from alkyl groups are observed at a region between 2,840 and 3,000 cm^−1^. Furthermore, PVA revealed a characteristic peak at 1,140 cm^−1^, which refers to stretching of the etheric oxygen group.

All characteristic absorption bands of RIF were observed in both their physical mixture and RIF NS (F~5~). However, in the IR spectrum of RIF NS, the peaks were noticeably broader. This is possibly due to hydrogen bond formation between the drug and stabilizer molecules.

Physical stability
------------------

NSs are essentially thermodynamically unstable systems. Thus, monitoring the stability of the RIF NS (F~5~) is a critical step. In order to predict the physical properties, physicochemical properties (particle size, PdI, and ZP) were assessed over a period of 3 months in two different storage temperatures as summarized in [Table 4](#t4-ijn-11-2209){ref-type="table"}. At low temperature (4°C), the NS revealed no significant change in both particle size and PdI over a period of 3 months. On the contrary, storage at a higher temperature (25°C) showed a gradual increase in particle size whereas the PdI revealed a slight decrease. The increase in particle size could be attributed to Ostwald ripening in which small particles dissolved and redeposited on the surfaces of larger ones. At lower temperature, Ostwald ripening was retarded but at room temperature, this phenomenon was more facilitated where the redeposition of dissolved species to the larger particles became faster, increasing the particle size. Furthermore, after 3 months, the decrease in PdI suggested a unimodal particle size distribution but with particles of larger size as depicted in [Figure 8](#f8-ijn-11-2209){ref-type="fig"}. Zhang et al[@b22-ijn-11-2209] observed similar results.

Additionally, the absolute value of ZP of nanocrystals became less negative over the period of storage time at 25°C while it shows a slight increase from −26 to −20 mV when stored at 4°C. It was reported that the steric stabilization, provided by PVA, was more sensitive to the elevation of temperature. Thus, the aggregation of small crystals was mainly enhanced at ambient temperature.[@b12-ijn-11-2209] Hence, the storage temperatures clearly affected the physicochemical properties of RIF NS. The storage of RIF NS at low temperature (4°C) proved to be superior in terms of physical stability relative to room temperature within the period of 3 months.

In vitro cytotoxicity study
---------------------------

NSs as drug delivery systems have attracted unique functional characteristics defined by their size-related properties. These outstanding features can affect their safety on tissues. Therefore, their toxicity against A549 human alveolar epithelial cells has been investigated using in vitro MTT cytotoxicity assay. This assay had been known to indicate the level of mitochondrial dehydrogenase enzymes that is still metabolically active. The cell viability exhibited a concentration-dependent activity that decreased with raising RIF concentration. However, it was obvious that the percentage of cell cytotoxicity in the presence of RIF NS (F~5~) was clearly lower than that obtained with free RIF at all the concentrations tested ([Figure 9](#f9-ijn-11-2209){ref-type="fig"}), which suggested the safety of the used excipients. The half maximal inhibitory concentration was obtained from the concentration-dependent cell viability curves. The half maximal inhibitory concentration values were 0.5 and 0.8 mg/mL for free RIF and RIF NS, respectively. These results could be attributed to a slower cellular uptake of nanocrystals in comparison to free RIF. The cellular uptake of nanocrystals may occur by either receptor-mediated or nonspecific endocytosis.[@b51-ijn-11-2209] The former, likely the clathrin- and caveolae-mediated endocytosis, required a specific transport ligand while the latter depends on the morphological and physicochemical characteristics of nanocrystals.[@b22-ijn-11-2209],[@b51-ijn-11-2209] The surface charge of the nanocrystals implies an important role in the cellular uptake. Mahmoud et al[@b52-ijn-11-2209] proved that the cellular uptake of positively charged cellulose nanocrystals via human embryonic kidney 293 was superior to that of the negatively charged one. The authors attributed this to the repulsive force between the negatively charged cell membrane and nanocrystals. In accordance, the slower uptake of RIF NS is probably due to either the absence of active transport ligand or presence of a negative charge on its surface. Thus, RIF bearing NS was shown to be a promising candidate for lowering the drug toxicity against A549 cells.

Conclusion
==========

The current study proved the possibility of RIF NS fabrication via a simple ultrasonication antisolvent precipitation technique. Nanocrystal-shaped particles were prepared with adequate nanometric particle size, PdI, and ZP. Solubility and in vitro release profiles of the RIF NS were significantly improved in comparison to the drug powder. Furthermore, it exhibited a good physical stability at 4±0.5°C within a period of 3 months. Moreover, RIF NS was able to reduce the cytotoxicity of the human alveolar epithelial cells compared to the free drug. Overall, fabrication of RIF NS not only, reveals promising in-vitro properties but also paves the way for an efficient strategy for a safe targeted delivery of such a poorly soluble drug to the lung.
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![Solubility of RIF (mg/mL) in various solvents at 37±0.5°C, mean ± SD (n=3).\
**Abbreviations:** RIF, rifampicin; PBS, phosphate-buffered saline; SD, standard deviation.](ijn-11-2209Fig1){#f1-ijn-11-2209}

![Particle size distribution by intensity of rifampicin nanosuspension prepared with ultrasonication--antisolvent precipitation method.](ijn-11-2209Fig2){#f2-ijn-11-2209}

![Transmission electron micrograph of the rifampicin nanosuspension (F~5~) with magnification 10,000×.\
**Abbreviations:** mag, magnification; in, inch.](ijn-11-2209Fig3){#f3-ijn-11-2209}

![Saturation solubility of RIF powder, physical mixture and RIF NS (F~5~) in deionized water at 37±0.5°C, mean ± SD (n=3).\
**Abbreviations:** RIF, rifampicin; RIF NS, rifapmicin nanosuspension; SD, standard deviation.](ijn-11-2209Fig4){#f4-ijn-11-2209}

![Dissolution profiles of RIF NS containing variable PVA concentrations (F~3~--F~5~) in PBS (pH 7.4) at 37±0.5°C compared to RIF powder, mean ± SD (n=3).\
**Abbreviations:** RIF, rifampicin; RIF NS, rifapmicin nanosuspension; PVA, polyvinyl alcohol; PBS, phosphate-buffered saline; SD, standard deviation.](ijn-11-2209Fig5){#f5-ijn-11-2209}

![DSC thermograms of RIF (**A**), PVA (**B**), their physical mixture (**C**), and RIF NS (F~5~) (**D**).\
**Abbreviations:** DSC, differential scanning calorimetry; RIF, rifampicin; NS, nanosuspension; PVA, polyvinyl alcohol.](ijn-11-2209Fig6){#f6-ijn-11-2209}

![FTIR spectra of RIF (**A**), PVA (**B**), their physical mixture (**C**), and RIF NS (F~5~) (**D**).\
**Abbreviations:** FTIR, Fourier transform infrared spectroscopy; RIF, rifampicin; NS, nanosuspension; PVA, polyvinyl alcohol; T, transmittance.](ijn-11-2209Fig7){#f7-ijn-11-2209}

![Particle size distribution by intensity of rifampicin nanosuspension (F~5~): (**A**) on the day of preparation and (**B**) after 3 months storage at 25±0.5°C.](ijn-11-2209Fig8){#f8-ijn-11-2209}

![Percent viability of A549 cells measured by MTT cytotoxicity assay after exposure for 24 hours to various concentrations of either free RIF or RIF NS (F~5~) at 37±0.5°C, mean ± SD (n=3).\
**Abbreviations:** MTT, 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; RIF, rifampicin; RIF NS, rifapmicin nanosuspension; SD, standard deviation.](ijn-11-2209Fig9){#f9-ijn-11-2209}

###### 

Effect of stabilizers on the particle size and PdI of RIF NS, mean ± SD (n=3)

  Stabilizer type   Stabilizer        Concentration (% w/v)   Particle size (d.nm)   PdI
  ----------------- ----------------- ----------------------- ---------------------- -------------
  Polymer           PVA               0.2                     262.4±2.475            0.326±0.009
                    PVP K30           0.4                     310.0±6.081            0.437±0.063
                    HPMC (4,000 cp)   0.2                     473.5±2.192            0.610±0.079
                    HPMC (15 cp)      0.5                     553.3±7.637            0.492±0.047
  Surfactant        Poloxamer 407     0.5                     359.0±1.340            0.473±0.093
                    Lecithin          1.0                     413.0±1.273            0.627±0.021
                    SLS               0.5                     415.5±2.121            0.596±0.006
                    Poloxamer 188     0.5                     495.0±1.320            0.669±0.084
                    Tween 80          0.5                     842.0±1.313            0.703±0.011

**Abbreviations:** Pdl, polydispersity index; RIF NS, rifampicin nanosuspension; SD, standard deviation; PVA, polyvinyl alcohol; PVP K30, polyvinyl pyrrolidone k30; HPMC, hydroxy propyl methylcellulose; SLS, sodium lauryl sulfate.

###### 

Effect of the stirring devices and solvent flow rates on the size and polydispersity index (PdI) of RIF NS, mean ± SD (n=3)

                         Stirring devices   Solvent flow rate                                                      
  ---------------------- ------------------ ------------------- ------------ ----------- ------------ ------------ -----------
  Particle size (d.nm)   353±4.24           262±2.48            236±1.48     173±3.65    327±4.53     221±4.38     173±3.65
  PdI                    0.436±0.07         0.326±0.01          0.456±0.01   0.21±0.01   0.502±0.01   0.442±0.01   0.21±0.04

**Abbreviations:** RIF NS, rifampicin nanosuspension; SD, standard deviation.

###### 

Optimization of formulation parameters of RIF NS, mean ± SD (n=3)

  Formula   Factors                                                            Particle size (d.nm)   PdI           Zeta potential (mV)
  --------- ------------------------------------------------------------------ ---------------------- ------------- ---------------------
            **S:AS ratio**[a](#tfn3-ijn-11-2209){ref-type="table-fn"}                                               
  F~1~      1:5                                                                210.4±1.556            0.365±0.038   −14.1±0.029
  F~2~      1:10                                                               173.5±5.161            0.327±0.004   −15.6±0.018
  F~3~      1:15                                                               115.7±0.954            0.325±0.041   −18.3±0.022
            **PVA concentration**[b](#tfn4-ijn-11-2209){ref-type="table-fn"}                                        
  F~4~      0.1% w/v                                                           163.2±0.351            0.184±0.015   −14.4±0.072
  F~3~      0.2% w/v                                                           115.7±0.954            0.327±0.041   −18.3±0.022
  F~5~      0.4% w/v                                                           101.7±0.208            0.523±0.001   −26.1±0.024
  F~6~      0.6% w/v                                                           204.0±13.70            0.659±0.055   −20.2±0.030
            **Sonication time**[c](#tfn5-ijn-11-2209){ref-type="table-fn"}                                          
  F~7~      5 minutes                                                          256.3±15.98            0.398±0.074   −12.8±0.039
  F~8~      15 minutes                                                         179.4±1.747            0.278±0.023   −17.5±0.095
  F~5~      30 minutes                                                         101.7±0.208            0.523±0.001   −26.1±0.024

**Notes:**

F~1~--F~3~ were prepared using 0.2% w/v PVA and 30-minute sonication time.

F~4~--F~6~ were prepared using 1:15 S:AS ratio and 30-minute sonication time.

F~7~ and F~8~ were prepared using 1:15 S:AS ratio and 0.4% w/v PVA.

**Abbreviations:** RIF NS, rifampicin nanosuspension; SD, standard deviation; PdI, polydispersity index; PVA, polyvinyl alcohol; S:AS, solvent:antisolvent volume ratio.

###### 

Short-term physical stability study of RIF NS (F~5~) at two storage temperatures over 3 months

  Time (month)   Room temperature (25 ±0.5°C)   Refrigerator (4±0.5°C)                                             
  -------------- ------------------------------ ------------------------ ------------- ------------- ------------- -------------
  0              101.7±0.208                    −26.1±0.024              0.523±0.001   101.7±0.208   −26.1±0.024   0.523±0.001
  1st            139.2±1.560                    −24.5±0.047              0.515±0.014   131.7±3.536   −26.3±0.023   0.543±0.016
  2nd            179.9±5.859                    −18.1±0.051              0.455±0.024   160.1±1.900   −20.1±0.069   0.546±0.056
  3rd            198.8±8.556                    −17.9±0.070              0.368±0.006   166.5±7.436   −20.2±0.089   0.540±0.095

**Note:** Data presented as mean ± SD (n=3).

**Abbreviations:** RIF NS, rifampicin nanosuspension; SD, standard deviation; PdI, polydispersity index.
